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ScienceDirectViruses in the Luteoviridae cause plant diseases that are
notoriously difficult to manage. Referred to as luteovirids, these
single stranded, positive-sense RNA viruses are transmitted by
aphids in a circulative, non-propagative manner. This review
highlights new potential strategies to control luteovirid disease
by blocking virus transmission by aphids. These include: first,
interfering with aphid–virus interactions to inhibit virus
acquisition by aphids, second, manipulating the host plant to
block virus acquisition and inoculation, and third, rapid
identification of efficient vector populations for the delivery of
targeted control strategies. Translation of these methods to the
field requires further advances in basic and translational
research and the development of new tools to study the
tritrophic interactions among plants, luteovirids, and aphids.
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Introduction
Plant viruses in the Luteoviridae family, encompassing the
polero, luteo, and enamoviruses, which are collectively
referred to as luteovirids in this review, cause emerging
diseases with serious economic consequences in many
staple, vegetable, ornamental, and fruit crops. Although
by no means an exhaustive list, in the past two years new
luteovirid infections have been characterized in pepper
[1,2], pumpkin [3], sugarcane [4,5], potato [4], apple [6],
gourd [7], wheat [8], maize [9], sorghum [10] and CamelinaCurrent Opinion in Virology 2018, 33:24–32 spp. [11]. The negative impact of luteovirids expands
beyond agriculture to energy security: the yellow dwarf
viruses infect and cause damage to the rooting systems of
non-crop, native grasses used for biofuel production
[12,13]. Luteovirids are single-stranded, positive sense
RNA viruses, phloem-restricted and exclusively transmit-
ted in nature by aphids, sap-sucking hemipteran insects.
To date, very few aphid and plant proteins involved in
luteovirid transmission have been identified, but a clearer
picture of the viral strategies used for within-plant and
between plant movement is beginning to emerge. The
subject of this review will focus on the molecular inter-
actions occurring in and between the aphid, the virus and
the plant that regulate virus acquisition and transmission.
Moreover, this manuscript will show how scientists may
exploit these interactions to block virus transmission.
The non-enveloped, T = 3 icosahedral virion is the vehi-
cle for luteovirid genome transport in plants and aphids.
Luteovirid capsids contain two structural proteins, the
major coat protein (CP) encoded by ORF 3 and the minor
capsid protein, designated here as RT*, which is a trun-
cated form of the readthrough protein (RTP), encoded by
ORF 5 (Figure 1). The RTP is produced by translational
readthrough of the CP ORF 3 leaky stop codon. The non-
structural, full-length RTP is not required for virion
assembly and does not incorporate into virions (Figure 1)
[14]. The structure–function relationship of the luteovirid
proteins has been exhaustively studied using mutagenesis
and recently reviewed [15]. The roles of these proteins in
plant virus movement have been shown in two more
recent studies [16,17]. Point mutations and small deletion
virus mutants in the CP and RT* show that both struc-
tural proteins regulate aphid transmission with and with-
out affecting virion formation. The RTP regulates
phloem tropism and RT* may enhance virion acquisition
into the aphid gut [15].
Luteovirid transmission by aphids is classified as persis-
tent, circulative, and non-propagative [18,15]. The spec-
ificity of the vector–virus relationship is a hallmark fea-
ture of the luteovirids because each virus species is
efficiently transmitted by one or a few aphid species
[15]. The process of circulative virus transmission by
aphids is based on two distinct steps, virus acquisition
and plant inoculation, each with specific characteristics.
As aphids spend prolonged periods of time feeding on the
phloem sap of an infected plant, virions are acquired
during the sap ingestion process and internalized intowww.sciencedirect.com
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Schematics of the luteovirid particle structure and viral genome depicting proteins involved in virus infection and aphid transmission. The virus
capsid is comprised of the two structural proteins, expressed from P3 and P5. The viral genome is a single-stranded, positive-sense RNA. CP:
major coat protein. RT: readthrough protein. RT*: C-terminal truncated RT. P0: silencing suppressor protein. P1: viral proteinase and for some
luteovirids viral-genome linked protein (VPg). P2: viral replicase. P4 and P3a: viral movement proteins. Dashed line stands for open reading frames
(ORFs) that are not present or identified in all luteovirid genomes.the polarized gut epithelial cell layer, presumably via
clathrin-mediated endocytosis [19]. In the hemocoel,
virions are transported via uncharacterized mechanisms
to the accessory salivary glands [20], where they are again
endocytosed via clathrin-mediated endocytosis. Finally,
virus inoculation to a new plant occurs when the virions
are released into the salivary canal and flow together with
saliva into a new host plant [15]. In contract to the
majority of animal-infecting, arthropod-borne viruses,
luteovirid transport in the aphid occurs in the absence
of virus replication.
The challenge for management of plant diseases caused
by luteovirids is that no effective strategy exists to cure
plants of a virus infection. At best, pesticide seed-dressing
treatments can reduce virus incidence in some trials by
limiting aphid spread [21,22]. However, pesticides are not
environmentally sound and respectful of human health
and resistance in aphids develops quickly. Thus,
approaches which provide safe controls of virus transmis-
sion by aphids represent a new alternative for manage-
ment of aphid-borne, viral plant diseases. We summarize
three possible methods in the context of current research
published in luteovirid biology. Our vision is that these
methods could be used alone or in combination and
applied with existing management strategies for elimina-
tion of virus transmission within a crop. These concepts
may be leveraged to control the transmission of other
serious, circulative, propagative or non-propagative plant
pathogens transmitted by hemipteran insects and, poten-
tially, animal-infecting arboviruses.www.sciencedirect.com Method 1: Interfere with aphid–virus
interactions
The efficiency of virus acquisition is one critical param-
eter in determining aphid transmission efficiency of the
luteovirids in a crop [23]. One approach to block aphid
transmission of luteovirids is to impair virus acquisition
at the gut epithelial cell barrier via direct interference
with aphid–virus protein interactions, including but not
limited to, interactions with virus particles. Currently,
inhibition of virus acquisition has been demonstrated
using two different methods: small peptide inhibitors
and RNA interference. Liu, Bonning and colleagues
[24] shown that a peptide which binds to the gut of the
pea aphid, Acyrthosiphon pisum, impedes the movement
of the viral complex Pea enation mosaic virus (PEMV-1,
family Luteoviridae and PEMV-2, family Tombusviridae)
into the aphid hemocoel. The authors identified a 12-
residue peptide (GBP3.1) that binds to aphid midgut
and hindgut cells. Binding to gut tissues was confirmed
using a GFP-labeled peptide and fluorescent micros-
copy. When ingested by aphids from an artificial diet
prior to PEMV acquisition, GBP3.1 reduced virus accu-
mulation in the aphid hemolymph for up to 60 minutes
of virus acquisition. Over time, PEMV receptor turn-
over in the gut epithelial cells likely attenuated the
GBP3.1 blocking effect. In a follow-up study, Linz,
Bonning and colleagues [25] demonstrated that GBP3.1
competed with the PEMV CP for binding to the aphid
protein membrane alanyl aminopeptidase N (APN),
which was characterized as the first aphid receptor
identified for a plant virus [25].Current Opinion in Virology 2018, 33:24–32
26 Virus–vector interactionsIn contrast to the chemical biology approach used by
Bonning’s lab, Mulot, Brault and colleagues [26] devel-
oped a molecular genetics approach based on RNA inter-
ference (RNAi) to silence an aphid gene identified as a
potential receptor of poleroviruses. Using a yeast-2-
hybrid screen, they identified a 244-amino acid fragment
from the Myzus persicae membrane-bound Ephrin receptor
(Eph) protein which interacted with the RT* of Cucurbit
aphid borne yellows virus (CABYV) and Turnip yellows virus
(TuYV). Functional genomics in aphids is difficult, as
aphids are not amenable to genetic manipulation for loss
or gain of function studies [27]. However, the pathways
regulating RNAi are conserved and functional in aphids
[28–32,33] and validation experiments based on RNAi
may be conducted using aphids. Feeding M. persicae on
transgenic Arabidopsis thaliana expressing double-
stranded RNA (dsRNA) sequences specific to Eph or
on in vitro-synthesized dsRNA in membrane feeding
assays resulted in a 20–80% reduction of Eph expression
in the aphid over the two modes of feeding. After dsRNA
ingestion, aphids which acquired TuYV from a diet or
from TuYV-infected plants showed a significant reduc-
tion in virus acquisition and a reduction in transmission
efficiency by 38–81% in different experiments. Interest-
ingly, when TuYV was acquired from infected plants, the
inhibition of transmission of the Eph-silenced aphids was
not statistically significant, suggesting that plant proteins
acquired together with the virus particles may increase
luteovirid acquisition and stability, and compensate for
the reduction of Eph expression. The latter idea, that
plant proteins assist luteovirid acquisition through the
aphid gut, has been suggested before in other studies
[34,35,36]. The partial silencing of M. persicae Eph using
dsRNA delivery by artificial diets also reduced gut acqui-
sition of Beet mild yellowing virus (BMYV, genus Pole-
rovirus) and CABYV (genus Polerovirus) but had a more
moderate impact on BYMV and CABYV transmission
[26]. These differences may arise from specific tissue
tropisms exhibited by poleroviruses in the gut of M.
persicae. Indeed while TuYV is internalized at the poste-
rior midgut, CABYV is transported through the posterior
midgut and hindgut cells, suggesting that distinct genes
or proteins may regulate polerovirus acquisition along the
alimentary canal in the same aphid species [18]. Alterna-
tively, more than one gene or protein may be involved in
virus acquisition, and functional redundancy may com-
plement the absence of one component of the receptor
complex. Genetic and proteomic studies support the
implication of several and distinct genes or proteins in
polerovirus acquisition and transmission by aphids [37–
42]. A third and not mutually exclusive hypothesis is that
the remaining activity of the Eph after acquisition of
dsRNA by feeding may be sufficient to promote BMYV
and CABYV uptake by the gut cells. Generating knock
out mutants using CRISPR/Cas9 technology or driving
dsRNA production in the aphid using aphid-infecting
viruses may resolve the issues encountered when usingCurrent Opinion in Virology 2018, 33:24–32 RNAi for functional validation of proteins involved in
virus transmission.
Method 2: Block virus acquisition and
inoculation by manipulating the host plant
Based on available evidence, we propose that the aphid
and/or host plant may be manipulated in a variety of ways
to block virus acquisition. Vector-borne plant viruses,
including the luteovirids, have been shown to manipulate
host plant phenotypes, such as headspace volatile profiles
and visual cues, to influence transmission by altering host
plant colonization by the vector. The phenotypic changes
and the plant chemistry modifications induced by viruses
may affect aphid feeding, reproduction, fitness thus
impacting virus acquisition and dispersal (reviewed in
[43]). The vector manipulation hypothesis predicts that
vector-borne viruses transmitted in a circulative manner
will indirectly induce changes in the host plant that are
beneficial for virus acquisition [44,45]. Although this
hypothesis has been verified in some pathosystems
[46], including luteovirids [43], the studies revealed that
plant-mediated vector manipulation by luteovirids may
vary depending on the aphid species and its efficiency to
transmit the virus. Moreover, since the vector manipula-
tion requires host–virus coevolution, it is highly conceiv-
able that the beneficial effects of luteovirid infection on
the aphid vector may not apply for all virus species-aphid
species-plant species combinations. This aspect has not
been widely explored for luteovirids and should be the
focus of future work to accumulate data that could be
further used for the development of novel virus control
strategies aimed at blocking these critical and co-evolved
aphid–virus–plant interactions.
There is another angle to tackle the aphid–virus–plant
interactions, which is by considering the vector impact on
the plant defense system and the implication of such
changes in virus transmission. A growing body of evi-
dence clearly supports that aphid punctures can affect
acquisition of non-circulative manner by aphids. The
Cauliflower mosaic virus responds to aphid probing by
producing viral transmissible forms acquired by the
insects [47]. Similarly, the potyviral NIa-Pro protein
relocalizes transiently to vacuoles after aphid probing
which correlates with aphid increased fecundity and
likely with the production of viral transmissible forms
only when required [48]. This concept which has been
referred to as “Transmission Activation” has not been
extensively addressed for luteovirids and only one old
publication reported that the presence of aphids
increased the local accumulation of PLRV potentially
facilitating transmission [49]. If this concept also applies
to circulative viruses, it could result in the development of
innovative strategies to inhibit virus transmission, imply-
ing that the plant proteins responsible for such mecha-
nism will be identified.www.sciencedirect.com
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on the aphid vector, direct vector manipulation by luteo-
virids has also been suggested after feeding aphids on
artificial medium containing purified particles of Barley
yellow dwarf virus (BYDV) which impacted plant selection
behavior [44]. By developing the in vitro acquisition of
purified virus, the authors eliminated the indirect effects
of plant proteins. However, the presence of plant proteins
in the viral preparation is still conceivable and future work
should analyze the effect of such co-purified proteins on
vector behavior. In this regards, Cilia, Gray and colleagues
showed 20 plant proteins associated with gradient-puri-
fied RPV strain of Cereal yellow dwarf (CYDV), four of
which were lost following sodium sulfite treatment of the
infected plant homogenate used for virus purification.
The sodium sulfite treatment, a common additive to virus
purification buffers to minimize effects of polyphenolic
compounds, did not impair the structure of the virus as
visualized by electron microscopy, but rather eliminated
the ability of the virus to bind to the gut lumen and
rendered the purified virus non-transmissible by aphids
[35]. Two additional studies have addressed the role of
host plants in modulating virus acquisition at the molec-
ular level. Bencharki, Brault and colleagues [34] and Cilia
(now Heck), Gray and colleagues [35] showed that
phloem and other plant proteins interact with CABYV
and CYDV, respectively. Brault and colleagues showed
that the addition of high concentrations of phloem and
other proteins in the aphid diet stimulated virus acquisi-
tion and transmission as well as virion stability in vitro
[34]. Taken together, these studies suggest that luteovir-
ids may promiscuously associate with plant proteins in the
phloem sap to facilitate virus acquisition and stability in
the aphid vector. One idea is that the virus cloaks itself in
plant phloem proteins to facilitate endocytosis into the
gut epithelial cells and evade the aphid’s immune
response. In support of this hypothesis, the expression
of aphid genes in the gut show very little differential
response to luteovirid acquisition [50]. A transcriptomic
analysis of intestinal genes in A. pisum following PEMV
acquisition showed only 12 genes differentially expressed
and the magnitude of these changes was less than 2-fold
[50]. Another function of phloem virus-associated pro-
teins in the virus acquisition process could also be driven
by their association to aphid gut proteins at the surface of
the cells facilitating virus uptake by the genuine virus
receptors. An understanding of how luteovirids manipu-
late the protein composition of the phloem during infec-
tion, specific roles of phloem proteins in virus acquisition
and the impacts of this manipulation on virus transmission
should be a focus of future research. These proteins could
be the target of innovative control strategies to inhibit
virus acquisition by aphids.
Research on virus transmission must also include studies
on the effects of abiotic stresses on the transmission of
circulative viruses, where very little is known about thewww.sciencedirect.com factors influencing virus transmission. Yvon, Van Munster
and colleagues showed that drought stress, although not
affecting virus accumulation in the virus source plant,
reduces aphid transmission of TuYV by affecting virus
uptake by the aphid M. persicae [51]. Whether these
results may lead to cultural practices compatible with
yield management and plant protection is not yet known.
Different components of the host plant sap, including
plant and viral proteins, small RNAs and other molecules,
have the potential to modulate gene expression in the
aphid. Host plants may indirectly influence luteovirid
acquisition and transmission by changing the expression,
activity and subcellular localization of cysteine proteases
in the aphid gut. Pinheiro, Cilia and colleagues [36]
showed that Potato leafroll virus (PLRV) transmission
efficiency by M. persicae reared on Brassica rapa (turnip),
a non-host of PLRV, was greatly reduced compared to the
same clonal lineage of aphids reared on the solanaceous
PLRV host plant Physalis floridana, when the aphids
acquired PLRV from the source plant (hairy night shade).
A quantitative proteomic analysis of aphids revealed that
the major proteome difference between the aphids reared
on these two host plants was the aphid gut cysteine
protease CathepsinB (CathB). CathB expression was
highly up-regulated in the turnip-reared aphids, a result
that was later also shown by Mathers and colleagues at the
transcriptional level in M. persicae during a host switch
from N. benthamiana to B. rapa (Chinese cabbage) [52].
Inhibition of CathB in the turnip-reared aphids using the
cysteine protease inhibitor E64 restored the ability of the
turnip-reared aphids to efficiently transmit PLRV in a
dose-dependent manner. The authors hypothesized that
the increased activity of CathB on the surface of the
midgut cells in the turnip-reared aphids may degrade
phloem proteins that potentially facilitate virus entry.
Other scenarios are plausible and future work should
focus on the identification of the turnip-sap components
that caused an up-regulation of CathB in M. persicae. The
identification of sap components that increase expression
of aphid gut proteases could lead to new technologies that
block virus acquisition in the field by enhancing protease
activity in the aphid gut. A strategy of elevating aphid gut
proteases to block virus transmission is particularly
intriguing because, unlike the use of traditional insecti-
cides which leads to the rapid development of resistance
in aphid populations, enhancing protease activity in the
gut was shown to be beneficial for aphid fitness thus
reducing the selection pressure towards resistance to the
strategy [36]. This very promising tactic, to enhance
proteolysis in the guts of insect vectors, may be broadly
applied to control transmission of vector-borne animal
infecting viruses. In this respect, Anglero-Rodriguez,
Dimopoulos and colleagues showed that gut infection
by a Talaromyces fungi in Aedes aegypti caused a down-
regulation of proteolytic enzymes and enhanced suscep-
tibility to dengue virus [53]. In aphids, experimentingCurrent Opinion in Virology 2018, 33:24–32
28 Virus–vector interactionswith intercropping alternative host plants may be one way
to interfere with the ability of migrating aphids to trans-
mit virus into a crop.
Virus localization within the host plant may also be
manipulated to abolish aphid transmission. As mentioned
above, a hallmark feature of the luteovirids, as well as
other circulative plant pathogens transmitted by hemip-
teran insects, is a strict phloem tissue tropism. Phloem
tropism is hypothesized to facilitate acquisition by sap-
sucking aphid vectors [15], an idea supported by the fact
that a broad array of propagative and non-propagative
persistent bacterial and viral plant pathogens transmitted
by hemipteran insects are confined to phloem tissue
during plant infection. A seminal paper by Peter, Gray
and colleagues showed that phloem tropism is a strategy
encoded by virus [14], specifically the luteovirid RTP.
PLRV mutants that lacked the C-terminal region of the
RTP escaped the vasculature and invaded the surround-
ing mesophyll tissue. Remarkably, these mutant viruses
became mechanically transmissible while losing their
ability to be aphid transmissible from infected plants.
Aphids still retained their capacity to acquire the purified
mutant viruses from artificial diet, showing that the
phloem localization of the luteovirids is a critical factor
to guarantee their transmission by aphids [14].
Identification of host plant factors that regulate interac-
tions with the C-terminal region of the RTP involved in
phloem tropism is a critical frontier of future research to
manipulate virus localization in the plant. Rodriguez-
Medina, Brault and colleagues showed that calcineurin-
B like protein-interacting protein kinase (CIPK7) binds to
the RTP C-terminal domain of TuYV [54]. Overexpres-
sion of CIPK7 in plants leads to an increase in the local
accumulation of virus but did not affect systemic virus
movement suggesting that CIPK7 could block virus
export from infected cells by interacting with the RTP
C-terminal domain [54]. CIPK7 could therefore be part of
a plant defense mechanism and, in this regard, regulating
its expression could reduce virus accumulation and thus
virus transmission by aphids. DeBlasio, Cilia and collea-
gues [55–59] used affinity purification coupled to mass
spectrometry (AP-MS) to identify the host–virus inter-
actome for the PLRV structural proteins during infection
of Nicotiana benthamiana and Solanum tuberosum (potato).
They characterized three phosphorylated positional iso-
mers of the RTP [56], suggesting possible residue targets
for CIPK7. The plant protein chaperonin containing
TCP1, subunit 8 (CCT8), a component of the type II
chaperonin complex, was identified as a protein that
interacts directly or in complex with RTP or RT* [57].
Interestingly, CCT8 was shown to regulate the move-
ment of the tobamovirus Oilseed rape mosaic virus [60]. As
the formation of virions is strictly required for luteovirid
long-distance movement in plants [16], these results
suggest that RT* refolding may be critical for virionCurrent Opinion in Virology 2018, 33:24–32 movement in plants. Both the structural (RT*) and
non-structural forms of the RTP are required for luteo-
virid systemic movement in plants [17]. Understanding
which forms of the RTP binds to CCT8, the function of
the type II chaperonin complex in luteovirid movement,
the functionality of the complex between the different
forms of the RTP, together with the identification and
roles of other plant or viral proteins in phloem tropism are
imperative next steps of research to possibly block virus
acquisition by aphids by interfering with virus phloem
tropism. The structural similarities of the luteovirid cap-
sid in multiple luteovirid species [61] and the overall
conservation of protein disorder topology in the luteovirid
RTP [62] suggest that discoveries concerning phloem
limitation strategies for one virus species will apply for
most luteovirid species.
Method 3: Leverage aphid genetics to rapidly
identify non-vector populations in the field
Not all individual aphids within a vector species are
capable of acquiring and inoculating luteovirids [15].
The natural variation in virus acquisition and transmission
phenotypes is perhaps the single most important feature
of the pathosystem for understanding these processes at
the molecular level. A rapid means to identify efficient
vector populations would enable growers to focus their
resources on eliminating the aphid populations that pose
the biggest threat for virus transmission within their
crops. The phenotypic variation in the transmission of
CYDV-RPV by the aphid Schizaphis graminum enabled
genetic studies by crossing efficient and poor vector
aphids [41]. Individual F2 lineages varied in their ability
to transmit CYDV-RPV to plants. Using a quantitative
proteomics approach called difference in gel electropho-
resis (DIGE), Cilia, Gray and colleagues discovered pro-
tein isoforms which resembled allelic segregation in these
populations linked to the virus transmission phenotype
[39]. For each isoform pair, the expression of one specific
isoform was correlated with the ability of the aphid to
transmit CYDV-RPV [37,39,63]. Two of these proteins, a
luciferase and a cyclophilin protein, were shown to inter-
act directly with CYDV-RPV [37,63]. When applied to
field populations of S. graminum, expression of the iso-
forms was predictive of their virus transmission capacity
[40]. The previous method to evaluate whether an aphid
population efficiently transmits viruses involved long and
laborious greenhouse experiments. A streamlined mass
spectrometry method which can detect protein isoforms
in under one hour, such as selected reaction monitoring
[64,65], would make this approach a reality for growers to
identify efficient vector populations in real time for
targeted applications of insecticides or other management
strategies.
Conclusions
Translation of novel control methods to block virus
transmission by insects (Figure 2) to growers in the fieldwww.sciencedirect.com
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Figure 2
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Overview of the interactions among luteovirids, plant and aphids which may be the targets for innovative approaches to disrupt luteovirid
transmission. (a) One method involves interfering with virus-induced plant modifications which will alter (i) the ways by which the aphid interacts
with the plant (attraction or repulsion), (ii) the aphid fitness and (iii) the aphid feeding behavior. (b) A second method involves blocking virus
uptake, either by specific peptide inhibitors or RNAi approaches that will target (i) the virus-specific receptors, (ii) sap proteins involved in virus
stability or uptake and (iii) gut proteases activity. (c) Not all aphids within a species can transmit a specific virus. Understanding vector population
dynamics and identifying transmission biomarkers will enable targeted pest management approaches. (d) Finally, phloem localization of the virus,
which relies on viral and plant proteins, is a key element to virus acquisition. Strategies which interfere with systemic movement and virus
localization may block acquisition and transmission. Abbreviations: volatile organic compounds (VOCs), which are emitted by virus-infected plants
to attract aphid vectors. Small RNA (sRNA) and messenger RNA (mRNA) present in phloem sap can be acquired by aphids. Their role in virus
acquisition has never been addressed.requires further advances in basic and applied research
moving forward. One area must focus on the development
of plant and hemipteran insects delivery systems to
express inhibitory peptides or compounds directly in
the aphids or in the plant phloem where the aphids feed.
Insect and plant infecting viruses have been identified
which may be used for the delivery of inducers of RNAi
(dsRNA or siRNA) to hemipteran insects and their plant
hosts [66–68]. These recombinant viruses represent a
non-transgenic approach that could be further developedwww.sciencedirect.com for virus transmission control in a crop. The public and
the scientific community have reason to be optimistic
about the use of genetic engineering to protect crops
against vector-borne diseases. A recent study published
by the United States National Academies of Sciences,
Engineering and Medicine found no evidence of an
increased risk to human health of genetically engineered
crops when compared to conventionally bred crops, nor
did the study reveal any conclusive evidence for environ-
mental problems caused by genetic engineering [69].Current Opinion in Virology 2018, 33:24–32
30 Virus–vector interactionsPartnership with industry stakeholders who have the
financial capacity to shepherd these innovative strategies
through the long and expensive regulatory processes will
be necessary. Chemical biology approaches to identify
new compounds that change the expression and activity
of hemipteran gut proteolytic enzymes should be a prior-
ity as well as the selection of plant species which have
negative effects on virus acquisition and inoculation in
existing cropping systems. Newly developed tools, such
as fluorescently-tagged luteovirids [70] and mass spec-
trometry compatible chemical cross-linkers which have
been shown to identify host–luteovirid protein interac-
tions [55], will undoubtedly prove critical to our ability to
identify the plant components that regulate phloem tro-
pism and additional aphid proteins that regulate virus
acquisition and transmission. Genes encoding the S.
graminum virus transmission biomarkers are conserved
in other hemipterans [71], but it is not known whether
these genes are correlated to virus acquisition phenotypes
in pathosystems besides CYDV-RPV. Expanded efforts
in aphid genomics, genetics and vector biology of other
hemipteran vectors will be necessary to identify new
biomarkers for plant pathogen transmission. Other meth-
ods for disrupting virus transmission by insect vectors
have also been described, or could be developed, includ-
ing first, the fusion of insect toxins to viral coat proteins, a
strategy which has the potential to kill insect vectors, and
second the stable expression of viral structural proteins in
plants to block pathogen acquisition by saturating the
virus receptors [72].
Finally, the past hundred years of research on the luteo-
virids has shown us that these tiny RNA viruses manage
to stay one step ahead of their hosts. New luteovirid
breakthroughs are continually being made. Smirnova,
Ziegler-Graff and colleagues showed that luteovirids
leverage every single base pair in their genomes for
protein expression with the discovery of a new open
reading frame (ORFs) in the viral genome [73]. Xu, Gray
and colleagues showed that a stem loop structure 700 bp
upstream of the stop codon between the ORFs 3 and
5 encoding the structural proteins regulates readthrough
translation [74]. It is indisputable that luteovirid gen-
omes still contain enigma that have yet to be discovered.
Critical to the development of the transmission blocking
strategies we describe in this review and the adoption into
current virus disease management protocols are experi-
ments to unravel the tri-trophic interactions among
aphids, luteovirids and their plant hosts together with
the identification of the viral, plant and aphid components
that regulate vector manipulation.
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